Abstract: Functional dilatory response in streptozotocin-induced diabetic rats was investigated using thoracic aortas, isolated hearts, and mesenteric beds. Dose-response curves to the PGI 2 analogue iloprost on phenylephrinepreconstricted rings of diabetic rats and controls were comparable. In contrast, decreased vasodilation in diabetic rats was observed when dose-response curves to iloprost were performed in hearts and on phenylephrine-preconstricted mesenteric beds. Dose-response curves to forskolin, an adenylyl cyclase activator, performed with hearts and phenylephrine-preconstricted aortic rings and isolated mesenteric beds of diabetic rats and controls were comparable. However, a decreased vasodilation to the ATP-sensitive potassium channel (K ATP ) activator lemakalim was observed in diabetic hearts, but not in aortic rings and mesenteric beds. In conclusion, under our experimental conditions, diabetes mellitus affects the vasodilation to iloprost in both coronary and mesenteric beds, but not in the aorta. In the heart, this modification of vascular reactivity may be due to a decrease in K ATP channel mediated response and not to a decreased activity of adenylyl cyclase. At this time, in the isolated mesenteric bed, the mechanism of this modification in vascular reactivity remains unknown.
Introduction
Cardiovascular diseases such as atherosclerosis, microangiopathy, and congestive heart failure are more prevalent in diabetic subjects (Garcia et al. 1974; Jarrett 1989) . These diseases could lead to diabetic complications including neuropathy, retinopathy, nephropathy, and increase in mortality and morbidity from cardiovascular disorders (Garcia et al. 1974; Jarrett 1989; Tooke 1989) . Consequently, there has been much interest in the etiology of cardiovascular disorders associated with this disease, and hence animal models like alloxan or streptozotocin-induced (STZ) diabetes have been developed.
Rats treated with STZ display many features seen in human subjects with uncontrolled diabetes mellitus, including hyperglycemia, polydipsia, polyuria, and impaired weight gain (Hebden et al. 1986; Tomlinson et al. 1989) . Most of the usual diabetes mellitus complications can be observed in this model, including vascular diseases (Tomlinson et al. 1992) .
STZ treatment results in changes in vascular reactivity to both vasoconstrictors and endothelium-dependent vasodilator agents (Tomlinson et al. 1992 ). These changes have been observed in different vessels, including aorta (Ramanadham et al. 1984) , mesenteric (Takiguchi et al. 1989) , cerebral arterioles (Mayhan 1992; Mayhan 1994a) , tail arteries (Ramanadham et al. 1984) , as well as in perfused kidneys (Sarubbi et al. 1989 ). However, little is known about coronary vessels and endothelium-independent vasodilators. Prostacyclin (PGI 2 ), an endogenous autacoid synthesized in coronary circulation from arachidonic acid by cyclooxygenase (Needleman et al. 1986; Bouchard et al. 1994) , mediates vascular smooth muscle relaxation through its action on specific membrane receptors, IP receptors (Campbell and Halushka 1996) . Following activation of IP receptors, smooth muscle relaxation may be mediated by two intracellular signalling pathways: production of cyclic AMP by adenylyl cyclase (Needleman et al. 1986; Campbell and Halushka 1996) and activation of ATP-sensitive potassium channels (K ATP channels) (Jackson et al. 1993) . The contribution of K ATP channels in the vasodilation to endogenous PGI 2 , as well as the stable analogue of PGI 2 , iloprost, was confirmed in the isolated rat heart by the inhibitory effect of glibenclamide, a selective K ATP channel blocker (Bouchard et al. 1994) .
It has been reported that K ATP channel currents could be altered by STZ-induced diabetes mellitus in aorta (Kamata et al. 1989) , cerebral arterioles (Mayhan and Faraci 1993) , ventricular myocytes (Shimoni et al. 1994) , and pancreatic β-cells (Tsuura et al. 1992) . In addition, decreased activity of adenylyl cyclase in the sciatic nerve (Shindo et al. 1993) and decreased sensitivity of adenylyl cyclase to forskolin in the cerebrum capillaries (Palmer et al. 1983 ) have been observed in STZ-induced diabetes.
The first aim of the present study was therefore to evaluate whether STZ-induced diabetes produces changes in vascular reactivity to iloprost, a stable analogue of PGI 2 . The second aim was to identify the intracellular signalling pathways affected by STZ-induced diabetes. The experiments were made simultaneously with isolated hearts, thoracic aortic rings, and isolated mesenteric beds, in order to compare the coronary circulation with a large conduit artery and with a resistance vascular bed. A preliminary report has been published previously (Bouchard et al. 1997 ).
Methods

Rat preparation
The investigation was performed in accordance with the guidelines from the Canadian Council on Animal Care. Male SpragueDawley rats weighing 200-225 g were made diabetic or treated as vehicle control by injection into the tail vein of STZ (55 mg kg -1 ) or vehicle (0.1 N citrate buffer, pH 4.5), respectively, under light anesthesia (methoxyflurane). Animals were allowed free access to food and water at all times. After 2 months, diabetic rats and agematched controls were narcotized with CO 2 until complete loss of consciousness and promptly decapitated. Body weight and blood glucose levels (One Touch II glucometer, Lifescan Canada Ltd., Burnaby, B.C.) were measured at the time of decapitation.
Buffer
The normal solution consisted of a modified Krebs-Henseleit buffer containing (in mM) NaCl, 118; KCl, 4; CaCl 2 , 2.5; KH 2 PO 4 , 1.2; MgSO 4 , 1; NaHCO 3 , 24; and either D-glucose, 11, for aortas and mesenteric beds, or D-glucose, 5, and pyruvate, 2, for hearts. The solution was gassed with 95% O 2 -5% CO 2 (pH 7.4) and kept at a constant temperature of 37°C.
Heart preparation
The thorax was rapidly opened and the heart excised and immersed in ice-cold heparinized buffer (10 IU·mL -1 ). It was immediately mounted on the experimental setup and perfused at constant flow by means of a digital roller pump. A 20-mL compliance chamber along the perfusion line ensured a continuous flow. The flow rate was adjusted during the stabilization period to obtain a coronary perfusion pressure of approximately 75 mmHg (1 mmHg = 133.3 Pa) and was held constant thereafter. Flow rate was continuously measured with an in-line ultrasonic flow probe and meter (model T106, Transonic Systems Inc., Ithaca, N.Y.) . Perfusion pressure was monitored to calculate coronary resistance. All drugs were perfused through a Y-connector in the aortic cannula with syringe pumps (model 11, Harvard Apparatus, South Natick, Mass.) at one-hundredth of the coronary flow rate. Adequate mixing of the drugs was ensured by the turbulent flow created in the reverse drop shaped aortic cannula. All concentrations mentioned in the text and figures refer to the final concentration after mixing. Coronary perfusion pressure was measured with a pressure transducer connected to a side arm of the aortic perfusion cannula. Isovolumetric left ventricular pressure and its first derivative (dP/dt) were measured by a fluid-filled latex balloon inserted into the left ventricle and connected to a second pressure transducer. The volume of the balloon was adjusted to obtain a diastolic pressure between 5 and 10 mmHg. Heart rate was derived from the left ventricular pressure trace by a tachograph. Data were recorded on a polygraph system (Grass model 79, Astro-Med Inc., West Warwick, R.I.).
Aortic ring preparation
Thoracic aortas were carefully excised, cleaned of all fat and connective tissue, and cut into 4-mm rings. Endothelium was removed in some preparations by inserting one arm of a fine forceps into the lumen and rolling back and forth 10 times on a gauze soaked with physiological solution. The preparations were then connected to a strain gauge (Grass FT03), and isometric tension was recorded on a data acquisition system (BIOPAC Systems, Santa Barbara, Calif.). The preparations were stretched to an optimal 4 g resting tension, as determined with repeated 20 mM KCl contractions. In preparations in which endothelial cells were removed, the addition of 1 µM acetylcholine to KCl (20 mM) preconstricted rings did not induce any relaxation. The preparations were allowed to stabilize for 30 min before resuming the experimentation. Each ring was used for a single dose-response curve.
Mesenteric preparation
Following the decapitation, the superior mesenteric artery was rapidly cannulated and perfused in situ with a blunted hypodermic needle at its aortic origin. The whole mesenteric bed was separated from the intestine at the intestinal border and supported on a Buchner funnel. The preparation was perfused at a constant flow rate of 4 mL·min -1 by a peristaltic pump with Krebs solution as described above. Vascular responses were measured as changes in perfusion pressure (in mmHg), using pressure transducers, and recorded on a polygraph system (Grass model 79 polygraph). A 60-min stabilization period was allowed before the experiments were started. As described with isolated hearts, all drugs were perfused through a Y-connector in the feeding cannula with syringe pumps (model 11, Harvard Apparatus) at one-hundredth of the mesenteric flow rate.
Experimental protocols
To investigate possible changes in vascular reactivity to iloprost in diabetic rats, a cumulative dose-response curve to this agent (1 nM -0.1 µM) was performed in hearts of diabetic rats and agematched controls. Each concentration of iloprost was perfused until a steady state was obtained (between 5 and 10 min), followed by perfusion of the next concentration with no washout between concentrations.
Additional dose-response curves were performed to study the components of the signalling pathways involved in the vasodilation to iloprost. To assess changes in the activity of adenylyl cyclase, dose-response curves to forskolin (1 nM -3 µM) were performed in diabetic hearts and age-matched controls. Likewise, the K ATP channel mediated response was investigated with dose-response curves to lemakalim (1 nM -3 µM). These dose-response curves were performed as described for iloprost. In some preparations, single boluses of serotonin (10 µM) and sodium nitroprusside (3 µM) were also tested.
To compare the coronary resistance arteries with a large conduit artery, dose-response curves to iloprost (10 pM -3 µM), forskolin (10 pM -10 µM), and lemakalim (10 pM -10 µM) were performed in phenylephrine-preconstricted aortic rings (0.3 µM and 30 nM in intact and endothelium-denuded rings, respectively) of diabetic rats and controls.
To compare the coronary bed with another resistance bed, cumulative dose-response curves to iloprost (1 nM -1 µM), forskolin (1 nM -3 µM), and lemakalim (1 nM -10 µM) were performed in 30 µM phenylephrine-preconstricted mesenteric beds of diabetic rats and controls. Each concentration of agent was perfused until a steady state was obtained (10 min), followed by perfusion of the next concentration with no washout between concentrations.
Statistical analysis
Values are given as means ± SEM. Dose-response curves that exhibited sigmoid shape were analyzed using a curve-fitting analysis program (De Léan et al. 1978) . This program allows the estimation of parameters, such as EC 50 , maximum response, and slope factor, and statistical comparison of several dose-response curves. Only probability values (p) smaller than 0.05 were considered to be statistically significant.
Drugs
Iloprost was a gift from Berlex Canada. Lemakalim was a gift from SmithKline Beecham. All other drugs were obtained from Sigma-Aldrich Canada Ltd. (Oakville, Ont.). A stock solution of iloprost, 10 mM, was prepared in Krebs-Henseleit buffer and carefully kept at 4°C until use. All drugs were prepared as 10 mM stock solutions in Krebs-Henseleit buffer, with the following exceptions: forskolin was dissolved in dimethyl sulfoxide (DMSO), and lemakalim in 70% ethanol. Final concentrations of DMSO in both coronary and mesenteric circulation and in aortic rings were 0.03 and 0.1%, respectively, and did not induce any effect. Ethanol at 0.02 and 0.7% in both coronary and mesenteric circulation and in aortic rings, respectively, did not produce any effect. Subsequent dilutions were made in Krebs-Henseleit buffer.
Results
A total of 30 nondiabetic rats and 33 diabetic rats were used in the present study. Body weight of rats treated with STZ or vehicle 2 months after injection was 364 ± 9 and 561 ± 13 g, respectively, p < 0.05. The blood glucose level of these animals was 26.0 ± 0.6 and 4.0 ± 0.1 mmol·L -1 , respectively (p < 0.05).
Coronary circulation
Coronary flow rate of nondiabetic hearts (n = 18) was 6.77 ± 0.43 mL·min -1 ·g -1 , for a mean heart weight of 2.34 ± 0.10 g. In diabetic hearts (n = 18), coronary flow rate was 6.82 ± 0.48 mL·min -1 ·g -1 , for a mean heart weight of 2.19 ± 0.14 g. Perfusion of iloprost induced a dose-dependent vasodilation in both diabetic and age-matched control hearts (Fig. 1) . However, in diabetic hearts, the maximal response to iloprost was reduced by half compared with control hearts, whereas sensitivity was found to be comparable in the two groups (log EC 50 = -8.6 ± 0.1 for both diabetic and control hearts, n = 6 per group).
Adenylyl cyclase activation with forskolin induced a similar decrease in coronary resistance in both diabetic and control hearts (Fig. 1) , with a comparable sensitivity (log EC 50 = -7.5 ± 0.1, n = 6 per group).
Coronary resistance decreased with lemakalim (0.3 nM -3 µM) in a dose-dependent fashion (Fig. 1) . Comparable sensitivity to lemakalim was observed in both diabetic and control hearts (log EC 50 = -7.3 ± 0.3, n = 6). However, the maximal response produced by lemakalim in diabetic hearts was diminished, compared with that of control hearts (Fig. 1) .
To confirm that the reduction in dilator response was specific to K ATP channel activators, additional vasodilators were tested. The response to the endothelium-dependent dilator serotonin (-25.2 ± 4.8 vs. -25.1 ± 3.2% change in coronary resistance, n = 8, p > 0.05) and to the endothelium-independent dilator sodium nitroprusside (-30.0 ± 5.5 vs. -30.0 ± 3.8% change in coronary resistance, n = 8, p > 0.05) was found to be unaltered in diabetic hearts.
Aortic rings
Phenylephrine was used to increase tone in aortic rings before the dose-response curves to the dilator agents. Comparable sensitivity (log EC 50 = -7.23 ± 0.08 and -6.96 ± 0.07, respectively, n = 6, p = 0.06) and maximal response (3.19 ± 0.09 and 3.27 ± 0.11 g, respectively, n = 6, p = 0.109) were observed in intact rings from diabetic and control rats. Similar results were observed in endotheliumdenuded preparations (data not shown).
Phenylephrine-preconstricted aortic rings, either intact (Fig. 2) or endothelium denuded (Fig. 3) , relaxed to iloprost, forskolin, and lemakalim in a dose-dependent fashion. No significant difference was observed in either sensitivity or maximal response between diabetic and control aortas, either in the presence (Fig. 2) or in the absence (Fig. 3) of the endothelium.
Mesenteric circulation
Perfusion of iloprost induced a dose-dependent vasodilation in both diabetic and age-matched control mesenteric beds (Fig. 4) . However, in diabetic mesenteric beds, the maximal response to iloprost was reduced by half compared with control mesenteric beds, whereas sensitivity was comparable in the two groups (log EC 50 = -7.4 ± 0.4 for both diabetic and control mesenteric beds, n = 6 per group).
Adenylyl cyclase activation with forskolin induced a similar decrease in coronary resistance in both diabetic (n = 6) and control (n = 4) mesenteric beds (Fig. 4) , with a comparable sensitivity (log EC 50 = -7.4 ± 0.1).
Mesenteric resistance decreased with lemakalim in a dose-dependent fashion (Fig. 4) . Comparable sensitivity to lemakalim was observed in both diabetic and control mesenteric beds (log EC 50 = -6.6 ± 0.1, n = 3 per group). The maximal response produced by lemakalim in diabetic mesenteric beds was not significantly different from that of controls (Fig. 4) .
Discussion
In the present study, we evaluated the vascular reactivity to iloprost in both the coronary and mesenteric beds and with a typical conductance artery (aorta) of STZ-induced diabetic rats. The intracellular signalling pathways affected by diabetes were also evaluated. The two major findings of the present study were (i) STZ-induced diabetes affects the coronary and the mesenteric vasodilation to iloprost and (ii) decreased activity of K ATP channels and not adenylyl cyclase explains the reduced vasodilation to iloprost observed in coronary circulation. At this time, in the isolated mesenteric bed, the mechanism of this modification in vascular reactivity remains unknown.
Effect of diabetes mellitus on iloprost vasodilation
In our experimental conditions, we found that thoracic aorta and mesenteric and coronary circulation from the same animal are affected differently: diabetes reduced the dilator response to iloprost in the coronary and the mesenteric beds but not in the aorta. The effect of STZ-induced diabetes on vascular responses has been extensively studied, most often in the mesenteric bed and with the aorta (for a review see Tomlinson et al. 1992) . Little is known on the effect of diabetes on the coronary circulation, and no study has compared the coronary bed with the aorta or the mesenteric bed from the same animal. The reason why STZ-induced diabetes affects the vascular beds differently remains elusive. Although highly speculative, differences in metabolic activity or a different vulnerability to oxidative stress and (or) advanced glycation end products may provide a plausible explanation. Obviously, additional experiments are needed to address this question. However, our data clearly show that it may be hazardous to extrapolate results obtained with large conductance arteries such as the aorta to other vascular beds.
Alterations in the vascular response to iloprost can be explained by changes in the signalling pathways downstream of receptor activation. This was assessed in the present study, using forskolin and lemakalim. On the other hand, alterations in PGI 2 receptors or G-proteins may also contribute to the blunted response to iloprost. Interestingly, there are some reports on the effect of diabetes on platelet IP receptors. For example, Modesti et al. (1991) reported that platelet PGI 2 receptor changes are not detectable in diabetic patients, but could take place when platelet lipid composition is altered. Shepherd et al. (1983) reported that the hyperaggregability of diabetic platelets is not due to any alteration in platelet IP receptor numbers or affinity. To the best of our knowledge, no studies have assessed alterations in IP receptors during diabetes in vascular tissues. Therefore, this question remains unanswered.
Effect of diabetes mellitus on adenylyl cyclase signalling pathway
Some have reported a decreased activity of adenylyl cyclase in the sciatic nerve (Shindo et al. 1993 ) as well as a decreased sensitivity of adenylyl cyclase to forskolin in the capillaries of the cerebrum (Palmer et al. 1983 ) in STZinduced diabetes. However, these findings are not without controversy. Other groups have found that adenylyl cyclase activity in seminal vesicle (Rodriguez-Pena et al. 1994) or in cerebral arterioles (Mayhan 1994b ) remained unchanged in spite of diabetes.
The results of our study are in accordance with the latter: we found that the response to forskolin in the aorta, in the mesenteric circulation, and in the coronary bed is not affected by diabetes 2 months after injection of STZ.
Effect of diabetes mellitus on K ATP channels
Two previous studies have addressed the effects of diabetes mellitus on vascular changes in response to activation of K ATP channels (Kamata et al. 1989; Mayhan and Faraci 1993) . Kamata et al. (1989) measured relaxation of the thoracic aorta to cromakalim in vitro, whereas Mayhan and Faraci (1993) evaluated vasodilation of cerebral arterioles to RP52891 in vivo. Relaxation of the cerebral arterioles and thoracic aorta from diabetic rats was significantly impaired compared with age-matched controls. Furthermore, others have reported that K ATP current could be altered by STZ-induced diabetes mellitus in ventricular myocytes (Shimoni et al. 1994 ) and pancreatic β-cells (Tsuura et al. 1992) . Thus, it appears that STZ-induced diabetes mellitus can alter the functional response of K ATP channels in many tissues.
According to these studies, we found that, 2 months after injection of STZ, responses to lemakalim in thoracic aorta or in the mesenteric bed and coronary circulation are affected differently: diabetes reduced the dilator response to lemakalim in the coronary bed but not in the aorta or in the mesenteric bed. We have previously reported that glibenclamide, a K ATP channel blocker, reduces the dilator response to iloprost in the coronary bed, but not in the aorta (Bouchard et al. 1994 ) and in the mesenteric bed (unpublished observations). Therefore, the impaired response to lemakalim suggests that an impaired activity of K ATP channels could account for the reduced coronary response to iloprost in diabetes.
On the other hand, we cannot rule out that the reduced response to lemakalim is due to a decreased ability of coronary smooth muscle to relax in response to potassium channel opening. K ATP channel openers produce smooth muscle relaxation through hyperpolarization, which in turn reduces calcium influx through voltage-gated calcium channels. Therefore, a reduced calcium influx through these channels could, theoretically, impair the response to K ATP channel openers. This hypothesis is supported by the fact that receptor-mediated coronary vasoconstriction with vasopressin and angiotensin II, which act partially through nifedipine-sensitive calcium influx, is also reduced in these hearts (unpublished observation).
In our experimental conditions, coronary vasodilation to sodium nitroprusside and serotonin were not impaired by STZ-induced diabetes. Thus, altered coronary vasodilation to lemakalim cannot be attributed to a nonspecific impairment of vascular smooth muscle relaxation in diabetic rats. The mechanism involved in this altered response of coronary arteries to K ATP channel activator is unknown, and the following possibilities remain purely speculative. First, it is possible that STZ-induced diabetes mellitus causes a decrease in the sensitivity and (or) in the number of K ATP channels. Diabetes may also produce changes in membrane potential, changes in Na + -K + ATPase activity (Ohara et al. 1991) , and (or) general changes in membrane structure and composition. This could partially explain the different coronary vascular reactivity to lemakalim in diabetic rats. The reason why the aorta and the mesenteric bed are not affected remains unknown.
In conclusion, the results of our study show that maximum dilation to iloprost is decreased in the coronary and the mesenteric beds but not in the aorta. In the coronary circulation, the reduced vasodilation to iloprost may be attributed to a decrease in K ATP channel mediated response and not to a modification in adenylyl cyclase activity. However, at present, in the isolated mesenteric bed, the mechanism of this modification in vascular reactivity remains unknown.
